A quantum kinetic theory for correlated charged{particle systems in strong time{dependent electromagnetic elds is developed. Our approach is based on a systematic gauge{invariant nonequilibrium Green's functions formulation. Extending our previous analysis 1] we concentrate on the selfconsistent treatment of dynamical screening and electromagnetic elds which is applicable to arbitrary nonequilibrium situations. The resulting kinetic equation generalizes previous results to quantum plasmas with full dynamical screening and includes many{body e ects. It is, in particular, applicable to the interaction of dense plasmas with strong electromagnetic elds, including laser elds and x-rays. Furthermore, results for the modi cation of the plasma screening and the longitudinal eld uctuations due to the electromagnetic eld are presented.
Introduction
With the progress in short{pulse laser technology 2] high intensity electromagnetic elds are becoming broadly available. In particular, they make it possible to create strongly correlated quantum plasmas under extreme nonequilibrium conditions which opens a broad range of applications, e.g . 3] . At the same time, optical techniques for time{resolved diagnostics are improving remarkably 4]. These developments create the need for a quantum kinetic theory of dense nonideal plasmas in intense laser elds.
Nonequilibrium properties of dense plasmas in which collisions are important are usually studied on the basis of kinetic equations of the Boltzmann type. However, in spite of their fundamental character, Boltzmann{like kinetic equations have a number of shortcomings, in particular in view of their application to dense plasmas in intense laser elds: i) they are valid only for times larger than the correlation (or collision) time corr ! ?1 pl , ii) they conserve only the mean kinetic energy instead of the sum of kinetic and potential energy, iii) they are valid only in the weak eld limit since the corresponding collision integrals are independent of the electromagnetic eld, iv) they are not applicable to high{frequency processes ( elds), where ! > ! pl , cf. i).
Obviously, in the case of strong correlations, high{frequency electromagnetic elds and/or short{time phenomena generalizations are necessary.
Generalized kinetic equations for correlated plasmas have been derived already in the 60ies by Prigogine 5] , Zwanzig 6 ], Kadano and Baym 7, 8 ], Balescu 9 , 10], Silin 11] , Klimontovich 12, 13, 14] and others. In recent years, the increasing interest in ultrafast processes has revived the theoretical activities, e.g. 15, 16, 17, 18] , acompanied by progress in numerical solutions, e.g. 15, 19, 20] ; for textbook overviews, see 21, 22] . Furthermore, kinetic equations for classical plasmas in high{frequency elds have been derived for the rst time in papers of Silin 23, 24, 25] . Among other problems, he computed the high{ frequency conductivity of a plasma. We mention that, for the weak{ eld limit, this problem has been studied by many authors, including Oberman et al. 26, 27] and DuBois et al. 28 ]. An essential further development of the theory has been given by Klimontovich and co{workers 29, 14] . Klimontovich used his powerful technique of second quantization in phase space 30, 12] to investigate the density{density and micro eld uctuations in low and high{frequency elds. This allowed him to derive collision integrals for classical plasmas in strong elds which take into account dynamical screening and to derive a complete theory of transport processes 29, 31] . A result of central importance is an expression for the collisional heating rate and the electron{ion collision frequency in strong elds in terms of the imaginary part of the inverse dielectric function Im ? 1 14] . Recently, expressions of the same form were derived again 32]. For a recent overview on the collision frequency in laser plasmas, we refer to Mulser et al. 33, 34] .
The above kinetic theories for plasmas in electromagnetic elds were limited to classical plasmas. A rst extension to quantum plasmas was given by Silin and Uryupin 35] . More recently, a kinetic equation for dense quantum plasmas in strong static elds has been derived 36, 37] , whereas a systematic quantum kinetic theory for plasmas in strong elds of arbitrary time dependence was presented in ref. 1]. There, electron{electron and electron{ ion quantum collision integrals were derived within the static Born approximation (Landau collision integrals).
In this paper, we extend this theory to the case of full dynamical screening for dense quantum plasmas under arbitrary nonequilibrium conditions by using the random phase approximation (polarization approximation) for the particle{particle scattering processes. Our approach is based on the nonequilibrium Green's functions formalism which allows for the most straightforward derivation and for an explicit solution of the gauge problem. We derive a kinetic equation which is a generalization of Klimontovich's classical result 29] and, on the other hand, generalizes previous quantum results for the case of zero eld 38, 39] and static eld 40]. Furthermore, we derive results for the polarization and screening properties and longitudinal eld uctuations in a strong eld of arbitrary time{dependence.
Basic physical problems and de nitions
We consider the time evolution of a dense charged particle system under the in uence of a strong time{dependent electromagnetic eld and inter{particle correlations.
Free particle motion
It is instructive to recall rst the motion of classical free charges in an external eld. From integrating Newton's equation, m a dv a =dt = e a E(t), we obtain the velocity change of a particle with charge e a and mass m a in the eld E(t) during 
In the equations above, we have dropped contributions from the acceleration and velocity at the initial moment t 0 since they are not related to the eld. A further important quantity is the average kinetic energy
where, in case of a periodic eld, T is the oscillation period. Below we will also need the change of the relative velocity of a particle pair a; b gained in the eld E(t) 
The most important special case is that of a harmonic time dependence E(t) = E 0 cos t; (6) which leads to the following explicit results for the quantities introduced above v a (t; t 0 ) = v 0 a sin t ? sin t 0 ;
r a (t; t 0 ) = r 0 a (t ? t 0 ) sin t + cos t ? cos t 0 :
(8) Here, we introduced two important quantities, the \quiver" velocity v 0 a e a E 0 m a ; (9) and the so{called excursion amplitude r 0 a e a E 0 m a 2 :
Furthermore, the cycle averaged (T = 2 = ) kinetic energy gain of a charged particle (3) is the so{called ponderomotive energy E kin a = " pond a = e 2 a E 2 0 4m a 2 :
Obviously, the above results may be extended to electromagnetic elds with arbitrary time dependence, for example by expanding the eld in terms of harmonic components. Nevertheless, it is useful to explicitly consider a second situation frequently encountered in modern applications: pulsed elds, e.g. those produced by femtosecond lasers. We will consider pulses of the following form E(t) = E p (t) cos t; E p (t) = 2E 0 sin p t; 0 p t ; (12) and E p 0 otherwise. Typically, p , although modern femtosecond laser pulses may be as short as a few periods of the main frequency . For the eld (12) 3. The frequency of the eld has to be compared to the eigenfrequencies of the plasma, most importrantly, the electron Langmuir (plasma) frequency, = =! pl , which reects competition between eld frequency and plasma density e ects.
4. The relevance of collisional processes depends on the ratio = = , where is the total collision frequency of electrons in the plasma.
5. The photon energy is characterized by its ratio to the thermal energy,~ =kT.
Modern lasers easily produce strong elds which satisfy the inequalities 1 and 1. In high{frequency elds and/or plasmas of moderate density, 1, which allows to treat collisions perturbatively, see below.
Two{particle scattering
Coulomb interaction between the charged carriers as well as quantum e ects, obviously, may drastically modify the free particle behavior. Scattering of two particles with charges e a ; e b in quantum states jk 1 i and jk 2 i on the Coulomb potential V ab (q) = 4 e a e b~2 q 2 ; (13) leads to a transfer of momentum q between them, so after the collision time t t coll the particles are in momentum states jk 1 + qi and jk 2 ? qi. While conventional kinetic approaches treat collision as instantaneous, t coll ! 0, this is not appropriate for correlated plasmas as well as in the presence of rapidly varying elds with t coll not being small.
In this case, during the collision time, the scattering partners will be accelerated by the external eld which is called intra{collisional eld e ect, which essentially modi es the scattering process. Using a quantum language, during the collision time, the particles may absorb photons of the electromagnetic eld which is the familiar inverse bremsstrahlung, or re{emit them (bremsstrahlung). The kinetic treatment of two{particle scattering on the Coulomb potential (13) leads to the well{known divergencies at short and long wavelengths. While the rst is naturally cured by a quantum theoretical approach, the origin of the latter is the long range of the Coulomb interaction. The familiar solution lies in the replacement of the bare Coulomb potential (13) by a screened one V ab (q) ! V s ab (!; q) = V ab (q) R (!; q) ; (14) where R is the retarded dielectric function. This is not only of fundamental interest but has also practical relevance. The dielectric function includes collective plasma oscillations and instabilities which, especially in nonequilibrium situations, may strongly enhance scattering, transport and energy exchange with the electromagnetic eld (anomalous transport). The simplest approximation for the dielectric function is the random phase approximation (RPA) being the quantum generalization of the Vlasov dielectric function R (!; q; t) = 1 ? X a V aa (q) R a (!; q; t);
f a (k; t) ? f a (k + q; t) ! + i + a (k) ? a (k + q) ; (16) where a denotes the single{particle energy. Interestingly, this result was derived by Klimontovich and Silin 41, 42] two years before Lindhard 43] . While this approximation is applicable to nonequilibrium situations in which the Wigner distributions f a are weakly time{ dependent (when the time scale t is much longer than 2 =!), on short times or for fast processes, such as in high frequency elds, generalizations are necessary. Such generalizations avoid the assumption of separation of the two time scales and lead to an explicit dependence of the functions ; and V s on two times. Moreover, the presence of an electromagnetic eld may be expected to modify the dielectric and screening properties, leading to a very complex problem of coupled particle, screening and eld dynamics. The appropriate theoretical concept to tackle this problem is provided by quantum eld theory.
3 Quantum eld theoretical approach to the dynamics of plasmas in electromagnetic elds
Numerous concepts have been developed to describe the mentioned above dynamics of particles and elds. Among them, the most systematic and powerful is the theory of nonequilibrium Green's functions. It is based on the method of relativistic quantum eld theory, where charged particles and the longitudinal and transverse electromagnetic eld are described on equal footing by eld operators 44, 45] . From the equations of motion for the eld operators -the Dirac equation and Maxwell's equations, one can derive equations of motion for all quantities of interest. Among them, the most important are two{time correlation functions (Green's functions) which allow for systematic and far{reaching generalizations of traditional kinetic theory. In this paper, we focus on nonrelativistic particle dynamics and start our derivations from the familiar equations of motion for the particle correlation functions g > and g < while the electromagnetic eld is treated classically.
Kadano {Baym Equations
The eld theoretical description of plasmas is based on the creation and annihilation operators y and 46] which are de ned to guarantee the spin statistics theorem,
where t 1 = t 2 has been assumed. The upper (lower) sign refers to bosons (fermions), 1 (r 1 ; t 1 ; s 3 1 ), and a labels the particle species. Below, we will drop the spin index and assume fermions. The nonequilibrium state of a correlated plasma is described by the two{ time correlation functions which are statistical averages (with the initial density operator of the system) of eld operator products 
where g > a and g < a are, in nonequilibrium, independent from one another. They contain the complete dynamical and statistical information. The latter follows from their elements along the time diagonal: the one-particle density matrix is immediately obtained from the function g < according to f a (r 1 ; r 0 1 ; t) = ?i~g < a (1; 1 0 )j t 1 =t 0 1 ; (18) whereas the dynamical information (e.g. the single{particle spectrum and the correlations) follows from the function values across the diagonal in the t 1 (19) where g R=A are the retarded and advanced Green's functions, de ned below in Eq. (25) .
In the following, it will often be convenient to use microscopic and macroscopic time and space variables being de ned as r = r 1 ? r 0 1 ; R = (r 1 + r 0 1 )=2; (24) and ? a are the correlation selfenergies which will be discussed below. 
In equations (23) and (26), the electromagnetic eld is given by the vector and scalar potentials A and and will be treated classically. A is the full vector potential (external plus induced) which obeys Maxwell's equations, whereas is understood as to be due to external sources only, the induced longitudinal eld is fully accounted for in the screened (27) This is an exact equation and, therefore, well suited for deriving generalized kinetic equations. However, this equation is not closed yet since it contains under the collision integral functions depending on two times. Therefore, to obtain explicit expressions for the collision integral, one has:
1. to nd appropriate approximations for the self energy. For this, the Green's functions approach provides powerful approximation schemes based on Feynman diagrams which allow for a very systematic development of the theory. Here, we are interested in the plasma dynamics with screening e ects properly included. Therefore, the appropriate choice for the selfenergy will be the random phase approximation (RPA); 
Gauge{invariant Green's functions
It is well known that the electromagnetic eld can be introduced in various ways (gauges) which may lead to essentially di erent explicit forms of the resulting kinetic equations. Although alternative derivations are successfully applied too, gauge invariance becomes a particular problem if the resulting kinetic equations are treated by means of approximations, such as retardation or gradient expansions. A critical issue is that the result of these approximations maybe essentially di erent in di erent gauges, see e.g. 21] for examples. To avoid these di culties, we will formulate the theory in terms of correlation functions which are made explicitly gauge{invariant. Indeed, one readily con rms that under any gauge transform (28), the phase factors cancel, and g 0 (k; X) g(k; X), 21] .
In the following, we focus on spatially homogeneous electric elds and use the vector potential gauge A 0 = = 0; A = ?c Z t ?1 d t E( t): (30) In this case, relation (29) Finally, for a static eld we obtain, A(t) = ?cE 0 t; p = k + e a E 0 t:
For the derivations below, we will need the gauge invariant Fourier transform of the convolution of two functions which, in the homogeneous case, is given by I(r 1 ? r 0 1 ; t 1 ; t 0 1 ) = Z d td r B(r 1 ? r; t 1 ; t) C( r ? r 0 1 ; t; t 0 1 ): (34) After straightforward manipulations which involve the back transform of (31) 
where R a is just the eld induced displacement of a free particle, Eq. (2), i.e. R a (t; t 0 ) = r a (t; t 0 ).
De nition (37) allows us to rewrite Eq. (36) as I(k; t) = Z d t B k + K A a (t; t); t; t C k + K A a (t; t); t; t : (40) 3.3 Gauge invariant propagator. Generalized Kadano {Baym ansatz
As noted in Sec. 3.1, for the derivation of the collision integral in the kinetic equation, we need to express the functions g > and g < in terms of the Wigner function. In addition, such a reconstruction ansatz involves the retarded and advanced Green's functions g R=A (t; t 0 ) for which suitable expressions have to be found. We rst determine these quantities for free particles in an electromagnetic eld which allows to simplify Eq. (26) 
Obviously, the results (41) and (42) (44) This result has a simple physical interpretation. For a free particle without eld, the spectral function shows free undamped oscillations along (i.e. perpendicular to the time diagonal)
with the one{particle energy a (k) = k 2 =2m a , and its Fourier transform is a free a (k; !; t) = ~! ? a (k)]: (45) This clearly underlines the meaning of the functions g R=A and, in particular, the spectral function a { they contain the full information on the single{particle energy spectrum. Furthermore, in a correlated system, the single{particle spectrum is a ected by interactions with other particles. This leads to a shift of the oscillation frequency and to damping of the oscillations, i.e. to nite life time e ects, and it is reasonable to call the corresponding single{particle excitations quasi{particles. On the other hand, the result (43) re ects the in uence of an electromagnetic eld on the particle spectrum, while correlation e ects have been neglected. Eq. (43) shows that the eld causes a time{dependent shift of the single{ particle energy which, obviously, re ects the well{known fact that the proper eigenstates of the system contain the electromagnetic eld and are given by (46) where " pond a is the ponderomotive potential which was introduced in Eq. (11) . The rst term in the brackets leads to a shift of the single-particle energy, the average kinetic energy of the particles increased by " pond a . The remaining terms modify the spectrum qualitatively giving rise to additional peaks which are related to photon sidebands 52].
Now we turn to the solution of the reconstruction problem. The simplest solution is the common Kadano Within the quasiparticle approximation and with static selfenergies, Eq. (48) is exact. In more complex situations, it is an approximation to the exact reconstruction solution, which has prooved extremely successful in many applications. In particular, it has been used for more general selfenergies and also with more general propagators g R=A a , e.g. 21]. We, therefore will use this ansatz below.
Eq. (48) (50) where the de nition (37) for K A a has been used. As in the eld{free case, the rst term is nonzero only for t 1 t 0 1 and the second in the opposite case. Notice the di erence of the time arguments in the two distribution functions.
General kinetic equation for quantum particles including screening and electromagnetic elds
We now come back to the time{diagonal limit of the Kadano {Baym equations, cf. Eqs. (23) and (27) , and derive the quantum kinetic equation for a plasma in a laser eld thereby fully taking into account dynamical screening. Again, it is advantageous to derive this equation for the gauge{invariant Wigner distribution. To this end, we take the Fourier transform (31) of the time{diagonal Kadano {Baym equation @ @t f a (k a ; t) + e a E(t) r k f a (k a ; t) = ?2Re
= I a (k a ; t); (51) where the full arguments are, according to the convolution relation (40) , given by a k a + K A a (t; t); t; t g 7 a k a + K A a (t; t); t; t :
This expression is valid for arbitrary approximations for the selfenergies > and < . In our previous paper 1], we used the simple static Born approximation. Here, we are interested in a fully selfconsistent inclusion of dynamical screening, so the appropriate choice is the random phase approximation (RPA).
Random phase approximation
Starting from the familiar expression in coordinate representation, application of the gauge{ invariant Fourier transform (31) 
In the above equations, V ab (q) is the bare Coulomb potential (13) and R=A the retarded and advanced longitudinal polarization functions (plasmon selfenergies). To close this system of equations, the polarization functions have to be expressed in terms of the particle correlation functions for which the simplest approximation is provided by the RPA, 
R bb (q; t; t 0 ) = (t ? t 0 ) > bb (q; t; t 0 ) ? < bb (q; t; t 0 ) ; (59) and A follows from the relation A bb (q; t; t 0 ) = R bb (q; t 0 ; t)] . This set of equations completely de nes the non{Markovian polarization approximation (RPA) for a quantum plasma in a strong transverse eld.
Application of the gauge{invariant GKBA
What is left to obtain a closed expression for the collision integral in equation (51) 
where the momentum shift Q a and eld{induced displacement R a were de ned above in Eqs. (38) and Eqs. (39), respectively. In the absence of the electromagnetic eld, (Q a ! 0; R a ! 0), Eq. (61) 
where again, V R ab;0 denotes the screened potential in the zero eld limit and without retardation in the distribution functions. Simpli cations are possible also for the collision integrals. In particular, we obtain for the electron{ion scattering term, In this paper, we have presented a gauge{invariant derivation of the quantum kinetic equation for dense plasmas in a laser eld. Our main result, Eq. (62), generalizes previous work to quantum systems. This equation can be used to calculate the transport properties of a dense plasma in a laser eld on arbitrary time scales, i.e., over the whole frequency range. The use of the random phase approximation allows for a highly consistent treatment of the combined e ect of internal longitudinal elds (dynamical screening) and transverse electromagnetic elds, including intense laser pulses. In particular, it allows to investigate the in uence of the electromagnetic eld on the two{particle scattering process and the screening properties of the plasma and on the screening buildup in the presence of a strong eld. Besides, the presented gauge{invariant approach is completely general and can be extended straightforwardly to more complex situations, including strong coupling e ects, bound states, impact and eld ionization. Moreover, it can be directly generalized to relativistic systems und ultra{intense elds.
